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' The acquisition of precise and reliable nuclear data is a prerequisite to success for stellar evolution 

&J0| and nucleosynthesis studies. Core-collapse simulators find it challenging to generate an explosion 

^ , from the collapse of the core of massive stars. It is believed that a better understanding of the 

' microphysics of core-collapse can lead to successful results. The weak interaction processes are able 

to trigger the collapse and control the lepton-to-baryon ratio (Ye) of the core material. It is suggested 
that the temporal variation of Ye within the core of a massive star has a pivotal role to play in the 
stellar evolution and a fine-tuning of this parameter at various stages of presupernova evolution is 
the key to generate an explosion. During the presupernova evolution of massive stars, isotopes of 
iron, mainly 54,55,56 considered to be key players in controlling Ye ratio via electron capture on 
these nuclide. Recently an improved microscopic calculation of weak interaction mediated rates for 
iron isotopes was introduced using the proton-neutron quasiparticle random phase approximation 
^ I (pn-QRPA) theory. The pn-QRPA theory allows a microscopic state-by-state calculation of stellar 

capture rates which greatly increases the reliability of calculated rates. The results were suggestive 
of some fine-tuning of the Ye ratio during various phases of stellar evolution. Here we present for 
the first time the fine-grid calculation of the electron and positron capture rates on 54,55,56pg (Jqj-q_ 
collapse simulators may find this calculation suitable for interpolation purposes and for necessary 
^ ' incorporation in the stellar evolution codes. 

\Q , PACS numbers: 21.60.Jz, 23.40.-s, 26.30.Jk, 26.50.+X, 97.10.Cv 

in 

^ ■ I. INTRODUCTION 

During the late phases of stellar evolution of massive stars, electron capture processes on heavy nuclei dominate 
the time evolution of the lepton-to-baryon ratio (Ye) of the core material primarily due to the low entropy of the 
stellar core but also due to the resulting dominance of heavy nuclei over free nucleons [l| . Inside the iron core 
I of massive stars, the electron capture occurs via the Gamow- Teller, GT+, transitions changing protons in the 
^f7/2 level into neutrons in the ^/5/2 levels. On the other hand the GT_ strength is responsible for transforming 
a neutron into a proton (resulting in positron capture processes) . It is conjectured that the electron captures on 
proton and positron captures on neutron play a very crucial role in the supernovae dynamics [H . Due to the weak 
interaction processes, mainly electron and positron captures onto nuclei and /?^-decays of nuclei, the value of Y"e 
for a massive star changes from 1 (during hydrogen burning) to roughly 0.5 (at the beginning of carbon burning) 
and finally to around 0.42 just before the collapse leading to a supernova explosion [3|. The temporal variation 
of Ye within the core of a massive star has a pivotal role to play in the stellar evolution and a fine-tuning of this 
parameter at various stages of presupernova evolution is the key to generate an explosion Q. Furthermore, the 
electron capture rates is assumed to determine the mass of the core and thus the fate of the shock wave formed 
by the supernova explosion Ql- The calculation of electron and positron capture rates is very sensitive to the 
distribution of the GT± strength functions @ • During the early phases of presupernova evolution, the electron 
chemical potential is of the same order of magnitude as the nuclear Q value and the capture rates are sensitive 
to the details of the GT± strength functions in daughter nuclei @ . With proceeding collapse the stellar density 
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increases by orders of magnitude and the resulting electron chemical potential is significantly higher than the 
nuclear Q value and then the capture rates are largely determined by the centroid and the total strength of 
the GT± strength functions. A microscopic calculation of ground and excited state GT± strength functions 
is the key to reliably estimate the stellar capture rate @. The positron captures are of great importance at 
high temperature and low density locations [7[. In such conditions, a rather high concentration of positron can 
be reached from e~ + e"*" f-^ 7 + 7 equilibrium favoring the e~e^ pairs. The electron captures on proton and 
positron captures on neutron are considered important ingredients in the modeling of Type II supernovae [H . 

The pn-QRPA theory Q is an efficient way to microscopically generate GT± strength functions which consti- 
tute a primary and nontrivial contribution to the weak interaction mediated rates among iron-regime nuclide. 
In this model a quasiparticle basis is first constructed with a pairing interaction. The random phase approxi- 
mation (RPA) equation is then solved with a schematic GT residual interaction. The pn-QRPA model has been 
developed by Halblcib and Sorenscn Q by generalizing the usual RPA to describe charge- changing transitions of 
the type (Z, N) {Z±l,N^lY The model is then extended to deformed nuclei (using Nilsson wave functions 
0) by Krumlindc and MoUer Extension of the model to treat odd-odd nuclei and transitions from nuclear 
excited states has been done by Muto and collaborators [llj. The pn-QRPA is a simple and microscopic model. 
The pn-QRPA model has two big advantages for performing weak interaction calculations in stellar matter. 
Firstly it can handle any arbitrarily heavy system of nucleons since the calculation is performed in a luxurious 
model space of up to 7 major oscillator shells. The second advantage is even more important for the calculation 
of weak interaction rates in stellar environment. The prevailing temperature of the stellar matter is of the order 
of a few hundred kilo-electron volts to a few million-electron volts and GT± transitions occur not only from 
nuclear ground state, but also from excited states. As experimental information about excited state strength 
functions seems inaccessible, Aufderheide stressed much earlier the need to probe these strength functions 
theoretically. Today the pn-QRPA theory can be utilized to calculate GT± strength distribution of all excited 
states of parent nucleus in a microscopic fashion and this feature of the pn-QRPA model greatly enhances the 
reliability of the calculated rates in stellar matter [l^. In other words, the pn-QRPA model seems to allow a 
microscopic state-by-state calculation of all stellar weak rates and the Brink hypothesis is not assumed in this 
model. Brink hypothesis |14| states that GT strength distribution on excited states is identical to that from 
ground state, shifted only by the excitation energy of the state. Recent calculations have pointed towards the 
fact that Brink hypothesis is not a safe approximation to use for calculation of stellar weak interaction rates 

Recently, weak interaction rates of isotopes of iron, 54,55,56pg^ have been calculated using the pn-QRPA 
model There, the author reported that the calculated electron capture rates on these iron isotopes were 
overall in fair agreement with the large-scale shell model (LSSM) results However, it has been found 

that the calculated beta decay rates are suppressed by three to five orders of magnitude. In present paper, 
we present the fine-grid calculation of stellar electron and positron capture rates for iron-isotopes 54,55,56pg 
using pn-QRPA model. Recently, the improved pn-QRPA calculation has been introduced [lB|, where it was 
reported that the betterment resulted mainly from the incorporation of measured deformation values for these 
nuclei. A detailed analysis of the calculated ground and excited state GT± strength distributions for 54,55,56pg 
and the capture rates has been presented in Ref. (2]| . Due to the extreme conditions prevailing in the cores 
of massive stars, interpolation of calculated rates within large intervals of temperature-density points posed 
some uncertainty in the values of capture rates for collapse simulators . As such the calculation is done on a 
detailed temperature and density grid pertinent to prcsupcrnova and supernova environment and should prove 
more suitable for running on simulation codes. In present work, a detailed calculation of electron and positron 
capture rates on 54,55,56pg jg being presented for the first time at temperature-density intervals suitable for 
simulation purposes. Further, we also compare the pn-QRPA capture rates with previous key calculations for 
the astrophysically important range of stellar temperatures and densities. It is worthwhile to mention that the 
presence of 54,55,56pg ^j^g stellar core is a result of the last phase of silicon burning. 

The paper is organized as follows. Section |lT] bricfiy discusses the formalism of the pn-QRPA calculations. 
In section IIIIl the calculated results are present. Comparison with earlier calculations during presupernova 
evolution of massive stars is also included in this section. We summarize the main conclusions in Section IIVI 
The fine-grid calculation of the stellar electron and positron capture rates on 54,55, 56pg jg presented in Table [II 
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II. NUCLEAR MODEL AND CALCULATION 



The electron capture (ec) and positron capture (pc) rates of a transition from the i-th state of the parent to 
the j-th state of the daughter nucleus is given by 



ec(pc) 



In 2 



D 
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The value of D is reported in Ref. [22|. Bij are the sum of reduced transition probabilities of the Fermi B(F) and 
GT transitions B(GT). Whereas for 54,56pg phonon transitions contribute, in the case of ^^Fe (odd-A case) two 
kinds of transitions are possible within the framework of the pn-QRPA model. One are the phonon transitions, 
where the odd quasiparticle acts as spectator and the other is the transitions of the odd quasiparticlc itself. In 
the later case phonon correlations have been introduced to onc-quasiparticle states in first-order perturbation 
[23| . The functions fij give the phase space integrals. Details of the calculations of p hase space integrals and 
reduced transition probabilities in the pn-QRPA model can be found in Rcfs. [l^, l2l| . 
Therefore, the total electron (positron) capture rate per unit time per nucleus reads 

^ecipc) ^ Y^p^^ecipc)^ ^2) 

The summation over all initial and final states is to be carried out until satisfactory convergence in the rate 
calculations is achieved. Here Pi is the probability of occupation of parent excited states and follows the normal 
Boltzmann distribution. The pn-QRPA theory allows a microscopic statc-by-statc calculation of both sums 
present in Eq. As discussed earlier in previous section, this feature of the pn-QRPA model greatly increases 
the reliability of the calculated rates in stellar matter where there exists a finite probability of occupation of 
excited states. 

In order to further increase the reliability of the calculated capture rates experimental data were incorporated 
in the calculation wherever possible. In addition to the incorporation of the experimentally adopted value of the 
deformation parameter, the calculated excitation energies (along with their log ft values) were replaced with an 
experimental one when they were within 0.5 MeV of each other. The calculation presented in this work takes 
into consideration certain aspects. The missing measured states are inserted and inverse and mirror transitions 
are also taken into account. No theoretical levels have been replaced with the experimental ones beyond the 
excitation energy for which experimental compilations had no definite spin and/or parity. A state- by-state 
calculation of GT± strength has been performed for a total of 246 parent excited states in ^'^Fe, 297 states for 
^^Fe and 266 states for ^^Fe. For each parent excited state, transitions are calculated to 150 daughter excited 
states. The band widths of energy states are chosen according to the density of states to cover an excitation 
energy of (15 — 20) MeV in parent and daughter nuclei. The summation in Eq. ^ has been done to ensure 
satisfactory convergence. The use of a separable interaction assisted in the incorporation of a luxurious model 
space of up to 7 major oscillator shells which in turn made possible to consider these many excited states both 
in parent and daughter nucleus. 

Recently, the deformation parameter is being argued as an important parameter for QRPA calculations at 
par with the pairing parameter by Stetcu and Johnson (23 | . As such rather than using deformations from some 
theoretical mass model (as used in earlier calculations of pn-QRPA rates e.g. [l^, H^), the experimentally 
adopted value of the deformation parameters for ^"^^^^Fe, extracted by relating the measured energy of the first 
2+ excited state with the quadrupole deformation, has been taken from Raman et al. [2^. For the case of ^^Fe, 
where such measurement apparently lacks, the deformation of the nucleus has been calculated as 

^ 125(Q2) 

1.44(Z)(A)2/3' ^''> 

where Z and A are the atomic and mass numbers, respectively. Q2 is the electric quadrupole moment taken 
from Ref. [l^]. Q-values are taken from the recent mass compilation of Audi et al. [28| . 

The incorporation of measured deformations for ^^^sep^ ^^^^ ^ smart choice of strength parameters led to an 
improvement of the calculated GT± distributions compared to the measured ones [l^ . In Table 1 of Ref. [l^ , 
it has been shown that the present pn-QRPA calculated GT± centroids and total Sp± strengths were in good 
agreement with available data for the even-even isotopes of iron. The table also shows marked improvement in 
the reported pn-QRPA calculation over the previous one [Tsj . 
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The fine-grid calculation of stellar electron and positron capture rates on °4'5^'°°Fe as a function of stellar 
temperature and density is given in Table H] The calculated rates are tabulated in logarithmic (to base 10) 
scale. It is simply a matter of convention to give —100 for instance to express that the rate is smaller than 
]^g-ioo^ The first column gives log{pYe) in units of g cm~'^, where p is the baryon density and Ye is the ratio 
of the electron number to the baryon number. Stellar temperatures (Tg) are given in 10^ K. Stated also are 
the values of the Fermi energy of electrons in units of MeV. A^'^(Ap^) are the electron (positron) capture rates 
in units of sec^^, Eq. ([J). Core-collapse simulators may find it useful to employ the reported electron and 
positron capture rates on iron isotopes in their codes. The ASCII file of Table |T] is also available and can be 
received from the corresponding author upon request. 

A detailed comparison of reported capture rates with previous calculations over a wide range of temperature 
and density has been presented earlier [2l| . Here, we would like to present how the reported rates compare 
with previous calculations during temperature and density domains of astrophysical interest. For the sake of 
comparison, we took into consideration the pioneer calculations of FFN , those performed using the large-scale 
shell model (LSSM) ^ and the recently reported thermal QRPA (TQRPA) approach 

An analysis of the contribution of excited states to the total capture rates for these iron isotopes was performed 
earlier by Nabi plj . There, it was shown that the electron capture rates have a significant contribution from 
parent excited states for the case of ^^Fe. The total capture rate is dominated by ground state contribution 
alone for the case of ^^Fe and the case of ^^Fe had a 50-50 contribution. Whenever ground state and low-lying 
states (^ 1 MeV) dominate the total capture rates the microscopic calculations of pn-QRPA and LSSM are 
found to be in very good agreement. 

III. RESULTS AND COMPARISONS 

Figure [I] depicts the comparison of electron capture rates on ^"'Fe with LSSM and FFN calculations. The 
graph is drawn for temperature and density domain of astrophysical importance (oxygen shell burning and 
silicon core burning phases) for the case of ^^Fe. The upper panel displays the ratio of calculated rates to the 
LSSM rates, i?ec(QR-PA/LSSM), while the lower panel shows a similar comparison with the FFN calculation, 
i?ec (QR-PA/FFN). At lower stellar temperatures and densities the calculated electron capture rates are bigger 
than the corresponding LSSM rates by as much as a factor of four. The results agree at high temperatures 
and densities. During the early stages of the collapse the capture rates are very sensitive to the excited GT+ 
strength distributions. It is reminded that LSSM approach allows for detailed nuclear spectroscopy but partially 
employs the Brink hypothesis. The pn-QRPA model, on the other hand, performs a microscopic calculation 
of all low-lying GT_|_ strength distributions. At high densities the capture rates depend more on the centroid 
and total strength of the GT+ functions. It was shown in Table 1 of Rcf. [l^ that the pn-QRPA calculated 
the centroid at a slightly higher energy in daughter ^''Mn nucleus as against LSSM centroid. But the effect 
was compensated by the calculation of a much higher total strength value as compared to LSSM strength. 
Accordingly the two results match well at high densities. The FFN electron capture rates are on the average 
bigger by an order of magnitude (lower panel of Figure [J) as compared to pn-QRPA rates. There are two 
main reasons for this enhancement in FFN rates. Firstly FFN did not take into consideration the quenching 
of the GT strength. FFN also did not take into effect the process of particle emission from excited states and 
accordingly their parent excitation energies extended well beyond the particle decay channel. For these reasons 
FFN rates were also bigger than LSSM rates by around an order of magnitude. 

The electron capture rates on ^^Fe are argued to be most effective during the oxygen shell burning till around 
the ignition of the first stage of convective silicon shell burning of massive stars. Figure [5] depicts the comparison 
of the calculated electron capture rates on ^^Fe with LSSM (upper panel) and FFN (lower panel) calculations 
for the corresponding physical conditions. The upper panel shows a very good comparison of pn-QRPA and 
LSSM rates (within a factor of 2). Primarily the ground state but also a few low- lying excited GT+ strength 
distributions play a key role in the calculation of total capture rates for this odd-A nucleus. LSSM performs a 
microscopic calculation of these low- lying strength functions (up to around 1 MeV). As mentioned earlier the 
ground state GT+ strength function dominates the total capture rates on ^^Fe and the two calculations agree 
very well. The FFN rates are again bigger by an order of magnitude at high temperatures. The probability of 
occupation of high-lying excited states increases with stellar temperature and FFN rates are much bigger for 
reasons given above. 

The comparison of electron capture rates on ^^Fe with previous calculations is shown in Figure [S] The capture 
rates on this isotope are very important for the pre-supernova phase of massive stars. As such Figure [3] shows 
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the comparison up to Tg[K] — 30 and pYe[g cm~^] = 10^. Once again the comparison between pn-QRPA and 
LSSM is very good (for reasons mentioned earher). FFN rates arc again bigger for obvious reasons. 

There are two key facts to keep in mind before we present a comparison of positron capture rates for 54,55,56pg^ 
First, of all it is to be noted that positron capture rates are tens of orders of magnitude smaller than the 
corresponding electron capture rates. Secondly, these small numbers are fragile functions of the available phase 
space and can change appreciably by a mere change of 0.5 MeV in phase space calculations. The positron 
capture rates are more indicative of the uncertainties in calculation of the energy eigenvalues (for both parent 
and daughter states) . Further it was shown in Ref. [2]| that the ground state rate contributed at the maximum 
by only about 33% to the total positron capture rates. Figure S] shows the comparison of the calculated 
positron capture rates on ^"'Fe with the LSSM and FFN calculation for similar physical conditions as depicted 
in Figure [TJ Here one sees that the pn-QRPA rates are suppressed by up to five orders of magnitude at low 
temperatures. The comparison improves as temperature increases. The comparison is similar in both upper 
and lower panels and does not change by increasing density by two orders of magnitude (from pYe[gcm^^] = 10^ 
to pYelgcm-^] = 10^). 

The comparison between pn-QRPA and LSSM improves for the case of ^^Fe (Figure [5]) where the rates differ 
at the maximum by three orders of magnitude. The positron capture rates are in very good agreement with 
LSSM rates at high temperatures. Still better is the comparison case for ^^Fc (Figure HI). The FFN rates are 
bigger by up to four orders of magnitude. 

Recently Dzhioev and collaborators [l^ applied the pn-QRPA model extended to finite temperature by the 
thermofield dynamics formalism (referred to as TQRPA) and calculated electron capture rates on ^^^^^Fe. It was 
reported by the authors that TQRPA and LSSM results matched well at low temperatures and high densities. 
At high temperatures the TQRPA rates were bigger than LSSM electron capture rates. Table [TT] presents a 
mutual comparison between pn-QRPA, TQRPA and LSSM electron capture rates on these even-even isotopes 
of iron. It can be seen from Table |lT] that TQRPA electron capture rates on ^^Fe are smaller by two (six) 
orders of magnitude at T'9[J4r] = 1 and pYe[g cm'^] = 10^(10*) as compared to pn-QRPA and LSSM rates. 
The comparison improves as temperature and density increase and TQRPA rates are doubled at 79[ivr] = 10. 
As far as comparison of electron capture rates on ^^Fe is concerned, one again notes that TQRPA rates are 
smaller by up to seven orders of magnitude at low temperatures and densities. However by merely changing 
TglK] = 1 to Tg[K] = 1.5 the TQRPA rates gets up to 4 orders of magnitude bigger than the corresponding 
pn-QRPA and LSSM rates. It looks that TQRPA rates are very sensitive to temperature changes for the case of 
^^Fe at low densities. The comparison improves with increasing stellar temperatures and densities. Once again 
at Tq[K] = 10 the TQRPA rates are roughly double the pn-QRPA and LSSM rates. Table [II] shows that the 
comparison between pn-QRPA and LSSM is comparatively far better and that TQRPA model requires further 
refinement. 



IV. CONCLUSIONS 

Precise and reliable nuclear data can lead to deciphering the elemental and isotopic abundances in Nature 
with more confidence and thereby derive meaningful constraints on the associated astrophysical models. The 
pn-QRPA model has a good track record of calculation of weak interaction rates both in terrestrial and stellar 
domains. The model has access to a huge model space making it possible to calculate weak rates for arbitrarily 
heavy system of nucleons. Further the model gets rid of the Brink hypothesis and calculates a state-by-state 
calculation of stellar capture rates which greatly increases the reliability of calculated rates. Incorporation of 
experimental deformation lead to a much improved version of this calculation. The model was used recently 
to calculate weak interaction mediated rates on iron isotopes, 54,55,56pg Electron capture on these iso- 

topes of iron are mainly responsible for decreasing the electron-to-baryon ratio during the oxygen and silicon 
burning phases of massive stars. The corresponding positron capture rates are orders of magnitude smaller and 
accordingly less important for late stellar evolution of massive stars. 

The calculated electron and positron capture rates are also compared against previous key calculations of 
weak rates. During the oxygen and silicon core burning phase of massive stars, the pn-QRPA electron capture 
rates on ^^Fe are around three times bigger than those calculated by LSSM. The comparison is very good for 
the case of ^^'^^Fe. FFN electron capture rates are bigger by an order of magnitude. Orders of magnitude 
differences in electron capture rates exist between TQRPA and LSSM/pn-QRPA model. 

The former calculations of positron capture rates on ^4^55,56pg g g orders of magnitude bigger than the 
pn-QRPA rates. The LSSM positron capture rates on ^^Fe is in good agreement with reported rates. 
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The main idea of reporting this work is to present a fine-grid calculation of electron and positron capture 
rates on 54,55,56pg stellar matter. Such tables (e.g. Table II of Ref. [131) are of great utility for core-collapse 
simulators and also suitable for interpolation purposes. The fine-grid calculation is presented in Table U The 
ASCII file of this table can also be requested from the author. Core-collapse simulators are encouraged to 
employ these rates in simulation codes to check for possible interesting outcomes. 
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Fig. 1: (Color online) Ratios of reported electron capture rates to those calculated using LSSM [23| (upper panel) and 
by FFN [3 (lower panel) on ^''Fe as function of stellar temperatures and densities. Tg gives the stellar temperature in 
units of 10^ K. In the legend, logpYe gives the log to base 10 of stellar density in units of gcm~^. 




Fig. 2: (Color online) Same as figure [T] but for electron capture rates on ^^Fe. 




Fig. 4: (Color online) Same as figure [T] but for positron capture rates on ^*Fe. 




Fig. 6: (Color online) Same as figure [T] but for positron capture rates on ^®Fe. 
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Tab. I: Calculated electron and positron capture rates on 5*'55.56pg fine-grid temperature-density scale. The 

calculated rates are tabulated in logarithmic (to base 10) scale. In the table, -100 means that the rate is smaller than 



logpYe 


Tg 






54 


Fe 


55 


56 


Fe 












Aec 


Ape 




Ape 


Aec 


Ape 





5 


0.50 





065 


-24.273 


-92.182 


-11.945 


-44.428 


-47.582 


-55.832 





5 


1.00 





000 


-14.748 


-46.930 


-9.415 


-24.160 


-25.753 


-29.032 





5 


1.50 





000 


-11.123 


-31.923 


-8.077 


-17.296 


-17.897 


-20.127 





5 


2.00 





000 


-9.119 


-24.319 


-7.159 


-13.784 


-13.821 


-15.584 





5 


2.50 





000 


-7.758 


-19.668 


-6.382 


-11.623 


-11.293 


-12.799 





5 


3.00 





000 


-6.738 


-16.496 


-5.716 


-10.136 


-9.554 


-10.895 





5 


3.50 





000 


-5.935 


-14.178 


-5.155 


-9.027 


-8.273 


-9.494 





5 


4.00 





000 


-5.280 


-12.402 


-4.680 


-8.146 


-7.282 


-8.407 





5 


4.50 





000 


-4.734 


-10.992 


-4.273 


-7.413 


-6.487 


-7.529 





5 


5.00 





000 


-4.268 


-9.842 


-3.917 


-6.784 


-5.831 


-6.798 





5 


5.50 





000 


-3.864 


-8.885 


-3.603 


-6.234 


-5.277 


-6.176 





5 


6.00 





000 


-3.508 


-8.072 


-3.322 


-5.746 


-4.800 


-5.638 





5 


6.50 





000 


-3.191 


-7.372 


-3.068 


-5.310 


-4.383 


-5.165 





5 


7.00 





000 
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-5.206 


-3.723 


-5.034 


i 


U 


7.50 





353 


-2.410 


-6.460 


-z.oyU 


-4. /y4 


-3.445 


-4.604 


7 





8.00 





310 


-2.212 


-5.939 


-2.229 


-4.423 


-3.187 


-4.222 


7 





8.50 





274 


-2.024 


-5.476 


-2.072 


-4.087 


-2.946 


-3.879 


7 





9.00 





244 


-1.845 


-5.061 


-1.918 


-3.780 


-2,720 


-3.568 


7 





9.50 





218 


-1.674 


-4.686 


-1.769 


-3.497 


-2,507 


-3.285 


7 





10.00 





196 


-1.511 


-4.345 


-1.622 


-3.235 


-2,307 


-3.025 


7 





15.00 





085 


-0.235 


-2.059 


-0.360 


-1.350 


-0.779 


-1.200 


7 





20.00 





047 


0.614 


-0.767 


0.568 


-0.197 


0.216 


-0.104 


7 





25.00 





030 


1.227 


0.108 


1.252 


0.596 


0.922 


0.656 


7 





30.00 





021 


1.704 


0.761 


1.775 


1.185 


1.457 


1.231 









Er 


54 


Fc 




56 


Fe 


















Ape 






7 


5 


0.50 


\ 


705 


-14.323 


-100 


-4.113 


-60.957 


-31.105 


-72.360 


7 


5 


1.00 


1 


693 


-8.917 


-55.464 


-4.079 


-32.694 


-17.239 


-37.565 


7 


5 


1.50 


1 


675 


-6.771 


-37.550 


-4.020 


-22.923 


-12.281 


-25.754 


7 


5 


2.00 


\ 


648 


-5.596 


-28.473 


-3.903 


-17.937 


-9.674 


-19.738 


7 


5 


2.50 


\ 


614 


-4.834 


-22 923 


-3.711 


-14.877 


-8.044 


-16.053 


7 


5 


3.00 


1 


573 


-4.284 


-19.139 


-3.479 


-12.778 


-6.916 


-13.537 


7 


5 


3.50 


1 


524 


-3.858 


-16.373 


-3.250 


-11.220 


-6.082 


-11.688 


7 


5 


4.00 


\ 


468 


-3.511 


-14.251 


-3.040 


-9.994 


-5.437 


-10.256 


7 


5 


4.50 


\ 


405 


-3.219 


-12.565 


-2.852 


-8.985 


-4.918 


-9.101 


7 


5 


5.00 


\ 


336 


-2.966 


-11.188 


-2.685 


-8.129 


-4.489 


-8.143 


7 


5 


5.50 


\ 


262 


-2.743 


-10.040 


-2.533 


-7.388 


-4.126 


-7.330 


7 


5 


6.00 


\ 


183 


-2.542 


-9.064 


-2.394 


-6.738 


-3.811 


-6.628 


7 


5 


6.50 


1 


101 


-2.359 


-8.225 


-2.264 


-6.162 


-3.533 


-6.016 


7 


5 


7.00 


\ 


018 


-2.189 


-7.494 


-2.140 


-5.648 


-3.284 


-5.476 


7 


5 


7.50 





937 


-2.029 


-6.852 


-2.020 


-5.185 


-3.056 


-4.995 


7 


5 


8.00 





858 


-1.877 


-6.284 


-1.902 


-4.768 


-2.845 


-4.566 


7 


5 


8.50 





783 


-1.730 


-5.778 


-1.784 


-4.389 


-2.647 


-4.179 


7 


5 


9.00 





714 


-1.588 


-5.324 


-1.666 


-4.043 


-2.459 


-3.830 


7 


5 


9.50 





651 


-1.450 


-4.915 


-1.548 


-3.726 


-2.280 


-3.513 


7 


5 


10.00 





593 


-1.316 


-4.545 


-1.429 


-3.435 


-2.109 


-3.224 


7 


5 


15.00 





268 


-0.175 


-2.121 


-0.300 


-1.411 


-0.719 


-1.261 


7 


5 


20.00 





150 


0.639 


-0.793 


0.594 


-0.223 


0.242 


-0.129 


7 


5 


25.00 





095 


1.240 


0.094 


1.265 


0.583 


0.935 


0.643 


7 


5 


30.00 





066 


1.711 


0.753 


1.783 


1.178 


1.465 


1.224 


8 





0.50 


2 


444 


-6.992 


-100 


-2.981 


-68.412 


-23.772 


-79.815 


8 





1.00 


2 


437 


-5.267 


-59.210 


-2.958 


-36.440 


-13.544 


-41.311 


8 





1.50 


2 


424 


-4.437 


-40.067 


-2.923 


-25.440 


-9.795 


-28.271 


8 





2.00 


2 


406 


-3.881 


-30 382 


-2.857 


-19.847 


-7.788 


-21.647 


8 





2.50 


2 


383 


-3.456 


-24.472 


-2.746 


-16.426 


-6.512 


-17.602 


8 





3.00 


2 


355 


-3.112 


-20.452 


-2.600 


-14.091 


-5.617 


-14.850 


8 





3.50 


2 


322 


-2.826 


-17.521 


-2.440 


-12.369 


-4.947 


-12.836 


8 





4.00 


2 


283 


-2.580 


-15.278 


-2.283 


-11.021 


-4.421 


-11.283 


8 





4.50 


2 


240 


-2.364 


-13.500 


-2.135 


-9.920 


-3.994 


-10.036 


8 





5.00 


2 


192 


-2.171 


-12.051 


-2.000 


-8.991 


-3.637 


-9.006 


8 





5.50 


2 


139 


-1.998 


-10.843 


-1.875 


-8.192 


-3.333 


-8.133 


8 





6.00 


2 


081 


-1.839 


-9.819 


-1.760 


-7.492 


-3.067 


-7.383 


8 





6.50 


2 


019 


-1.693 


-8.936 


-1.652 


-6.873 


-2.833 


-6.727 


8 





7.00 


1 


952 


-1.557 


-8.166 


-1.550 


-6.320 


-2.622 


-6.147 


Q 

o 


U 


7.50 


1 


882 


-1.429 


-7.487 


-i.404 


-O.OZU 


-2.431 


-5.630 


8 





8.00 


1 


808 


-1.309 


-6.882 


-1.360 


-5.366 


-2.256 


-5.164 


8 





8.50 


1 


732 


-1.195 


-6.340 


-1.269 


-4.951 


-2.094 


-4.741 


8 





9.00 


1 


653 


-1.086 


-5.850 


-1.180 


-4.569 


-1.942 


-4.355 


8 





9.50 


1 


574 


-0.982 


-5.405 


-1.091 


-4.216 


-1.799 


-4.002 


8 





10.00 


1 


493 


-0.881 


-4.999 


-1.004 


-3.888 


-1.664 


-3.676 


8 





15.00 





817 


0.004 


-2.305 


-0.121 


-1.595 


-0.537 


-1.444 


8 





20.00 





470 


0.718 


-0.873 


0.672 


-0.303 


0.321 


-0.209 


8 





25.00 





301 


1.281 


0.053 


1.305 


0.542 


0.976 


0.602 


8 





30.00 





209 


1.735 


0.729 


1.806 


1.154 


1.489 


1.200 





To 




Et 




55 


56 














Age 


Ape 


Aec 


Ape 






8 


5 


0.50 


3 


547 


-1.868 


-100 


-1.621 


-79.532 


-12.981 


-90 935 


8 


5 


1.00 


3 


542 


-1.834 


-64.782 


-1.610 


-42.012 


-8.044 


-46.883 


8 


5 


1.50 


3 


534 


-1.781 


-43.796 


-1.599 


-29.169 


-6.114 


-32 000 


8 


5 


2.00 


3 


521 


-1.713 


-33.193 


-1.580 


-22.658 


-5.020 


-24.458 


8 


5 


2.50 


3 


506 


-1.631 


-26.735 


-1.545 


-18.690 


-4.291 


-19.866 


8 


5 


3.00 


3 


487 


-1.540 


-22.353 


-1.490 


-15.993 


-3.757 


-16.752 


8 


5 


3.50 


3 


464 


-1.442 


-19.166 


-1.419 


-14.014 


-3.341 


-14.481 


8 


5 


4.00 


3 


438 


-1.340 


-16.733 


-1.338 


-12.476 


-3.004 


-12.737 


8 


5 


4.50 


3 


408 


-1.237 


-14.808 


-1.252 


-11.228 


-2.721 


-11.344 


8 


5 


5.00 


3 


375 


-1.135 


-13.244 


-1.165 


-10.184 


-2.479 


-10.198 


8 


5 


5.50 


3 


339 


-1.035 


-11.943 


-1.079 


-9.291 


-2.266 


-9.233 


8 


5 


6.00 


3 


299 


-0.937 


-10.842 


-0.996 


-8.516 


-2.076 


-8.406 


8 


5 


6.50 


3 


256 


-0.841 


-9.896 


-0.915 


-7.833 


-1.905 


-7.686 


8 


5 


7.00 


3 


209 


-0.748 


-9.071 


-0.837 


-7.225 


-1.748 


-7.052 


8 


5 


7.50 


3 


159 


-0.658 


-8.345 


-0.760 


-6.679 


-1.603 


-6.488 


8 


5 


8.00 


3 


106 


-0.571 


-7.700 


-0.685 


-6.184 


-1.468 


-5.981 


8 


5 


8.50 


3 


050 


-0.485 


-7.121 


-0.611 


-5.732 


-1.341 


-5.522 


8 


5 


9.00 


2 


990 


-0.403 


-6.598 


-0.538 


-5.317 


-1.222 


-5.104 


8 


5 


9.50 


2 


928 


-0.323 


-6.123 


-0.466 


-4.934 


-1.108 


-4.720 


8 


5 


10.00 


2 


863 


-0.245 


-5.688 


-0.394 


-4.578 


-0.999 


-4.366 


8 


5 


15.00 


2 


109 


0.418 


-2.738 


0.290 


-2.028 


-0.116 


-1.877 


8 


5 


20.00 


\ 


402 


0.945 


-1.108 


0.900 


-0.537 


0.551 


-0.443 


8 


5 


25.00 





936 


1.406 


-0.074 


1.430 


0.415 


1.102 


0.475 


8 


5 


30.00 





656 


1.808 


0.654 


1.879 


1.079 


1.563 


1.125 


9 





0.50 


5 


179 


-0.148 


-100 


-0.330 


-95.981 


-1.756 


-100 


9 





1.00 


5 


176 


-0.141 


-73.015 


-0.329 


-50.245 


-1.716 


-55.116 


9 





1.50 


5 


170 


-0.129 


-49.294 


-0.333 


-34.667 


-1.653 


-37.498 


9 





2.00 


5 


162 


-0.113 


-37.326 


-0.338 


-26.791 


-1.569 


-28.591 


9 





2.50 


5 


151 


-0.092 


-30.052 


-0.337 


-22.007 


-1.470 


-23.182 


9 





3.00 


5 


138 


-0.067 


-25.127 


-0.325 


-18.767 


-1.365 


-19.526 


9 





3.50 


5 


122 


-0.038 


-21.554 


-0.304 


-16.402 


-1.260 


-16.870 


9 





4.00 


5 


105 


-0.006 


-18.833 


-0.272 


-14.576 


-1.157 


-14.837 


9 





4.50 


5 


085 


0.030 


-16.686 


-0.234 


-13.105 


-1.058 


-13.222 


9 





5.00 


5 


062 


0.068 


-14.944 


-0.190 


-11.884 


-0.962 


-11.898 


9 





5.50 


5 


037 


0.109 


-13.499 


-0.142 


-10.848 


-0.870 


-10.789 


9 





6.00 


5 


010 


0.152 


-12.279 


-0.092 


-9.953 


-0.781 


-9.843 


9 





6.50 


4 


980 


0.197 


-11.233 


-0.041 


-9.170 


-0.695 


-9.024 


9 





7.00 


4 


948 


0.244 


-10.324 


0.012 


-8.477 


-0.611 


-8.305 


y 


U 


7.50 


4 


914 




-y.ozo 


U.UOD 


- 1 .ooo 


-0.529 


-7.667 


9 





8.00 


4 


878 


0.342 


-8.816 


0.121 


-7.300 


-0.450 


-7.097 


9 





8.50 


4 


839 


0.392 


-8.182 


0.176 


-6.793 


-0.371 


-6.583 


9 





9.00 


4 


797 


0.444 


-7.610 


0.232 


-6.329 


-0.294 


-6.116 


9 





9.50 


4 


754 


0.495 


-7.092 


0.288 


-5.902 


-0.219 


-5.688 


9 





10.00 


4 


708 


0.547 


-6.618 


0.345 


-5.508 


-0.144 


-5.296 


9 





15.00 


4 


131 


1.037 


-3.418 


0.902 


-2.707 


0.524 


-2.556 


9 





20.00 


3 


390 


1.419 


-1.608 


1.371 


-1.037 


1.034 


-0.943 


9 





25.00 


2 


621 


1.733 


-0.413 


1.755 


0.077 


1.433 


0.137 


9 





30.00 


1 


973 


2.023 


0.434 


2.093 


0.860 


1.779 


0.905 













5 


'Fe 


56Fc 










Aec 


Ape 


Aec 




Aec 


Ape 


9.5 


0.50 


7.583 


1 


215 


-100 





821 


-100 





425 


-100 


9.5 


1.00 


7.581 


1 


217 


-85.136 





821 


-62 366 





429 


-67.238 


9.5 


1.50 


7.577 


1 


221 


-57.381 





817 


-42.754 





436 


-45.585 


9.5 


2.00 


7.571 


1 


226 


-43.398 





811 


-32 863 

Oil . OVtJ 





447 


-34.663 


9.5 


2.50 


7.564 


1 


232 


-34.917 





810 


-26.871 





461 


-28.047 


9.5 


3.00 


7.555 


1 


240 


-29.188 





815 


-22.827 





479 


-23.587 


9.5 


3.50 


7.545 


1 


249 


-25.042 





826 


-19.890 





499 


-20.357 


9.5 


4.00 


7.532 


1 


258 


-21.892 





843 


-17.635 





521 


-17.896 


9.5 


4.50 


7.519 


1 


269 


-19.412 





865 


-15.832 





545 


-15.948 


9.5 


5.00 


7.503 


1 


281 


-17.405 





890 


-14.345 





571 


-14.359 


9.5 


5.50 


7.486 


1 


295 


-15.744 





918 


-13.092 





598 


-13.034 


9.5 


6.00 


7.468 


1 


310 


-14.344 





948 


-12.017 





627 


-11.908 


9.5 


6.50 


7.448 


1 


326 


-13.146 





980 


-11.083 





657 


-10.937 


9.5 


7.00 


7.426 


1 


344 


-12.107 


1 


014 


-10.261 





688 


-10.088 


9.5 


7.50 


7.403 


1 


364 


-11.197 


1 


049 


-9.530 





721 


-9.340 


9.5 


8.00 


7.378 


1 


385 


-10.391 


1 


085 


-8.875 





755 


-8.672 


9.5 


8.50 


7.351 


1 


408 


-9.672 


1 


123 


-8.282 





791 


-8.073 


9.5 


9.00 


7.323 


1 


433 


-9.025 


1 


161 


-7.743 





828 


-7.530 


9.5 


9.50 


7.293 


1 


458 


-8.439 


1 


200 


-7.249 





866 


-7.035 


9.5 


10.00 


7.261 


1 


486 


-7.905 


1 


240 


-6.795 





905 


-6.583 


9.5 


15.00 


6.860 


1 


793 


-4.334 


1 


655 


-3.624 


1 


332 


-3.472 


9.5 


20.00 


6.307 


2 


070 


-2.343 


2 


021 


-1.771 


1 


711 


-1.677 


9.5 


25.00 


5.624 


2 


292 


-1.018 


2 


312 


-0.528 


2 


006 


-0.468 


9.5 


30.00 


4.859 


2 


481 


-0.051 


2 


548 


0.376 


2 


246 


0.422 


10.0 


0.50 


11 


118 


2 


401 


-100 


2 


084 


-100 


1 


947 


-100 


10.0 


1.00 


11 


116 


2 


402 


-100 


2 


084 


-80.184 


1 


948 


-85.056 


10.0 


1.50 


11 


113 


2 


403 


-69.264 


2 


084 


-54.637 


1 


950 


-57.468 


10.0 


2.00 


11 


110 


2 


405 


-52.315 


2 


085 


-41.780 


1 


953 


-43.580 


10.0 


2.50 


11 


105 


2 


407 


-42.055 


2 


088 


-34.009 


1 


955 


-35.185 


10.0 


3.00 


11 


099 


2 


409 


-35.141 


2 


094 


-28.781 


1 


958 


-29.540 


10.0 


3.50 


11 


091 


2 


412 


-30.149 


2 


102 


-24.997 


1 


961 


-25.465 


10.0 


4.00 


11 


083 


2 


415 


-26.366 


2 


112 


-22.109 


1 


965 


-22.370 


10.0 


4.50 


11 


074 


2 


418 


-23.394 


2 


123 


-19.813 


1 


969 


-19.930 


10.0 


5.00 


11 


063 


2 


422 


-20.993 


2 


136 


-17.934 


1 


974 


-17.948 


10.0 


5.50 


11 


052 


2 


426 


-19.011 


2 


150 


-16.359 


1 


980 


-16.301 


10.0 


6.00 


11 


039 


2 


431 


-17.344 


2 


164 


-15.017 


1 


987 


-14.908 


10.0 


6.50 


11 


025 


2 


437 


-15.920 


2 


179 


-13.857 


1 


995 


-13.711 


10.0 


7.00 


11 


Oil 


o 
z 




-14.688 


o 
z 




-12.842 


o 
z 


UUo 


-12.669 


10.0 


7.50 


10 


995 


2 


450 


-lo.Oil 


2 


212 


-11,944 


2 


013 


-11. too 


10.0 


8.00 


10 


978 


2 


458 


-12.659 


2 


230 


-11.143 


2 


024 


-10.940 


10.0 


8.50 


10 


959 


2 


467 


-11.811 


2 


249 


-10.422 


2 


037 


-10.212 


10.0 


9.00 


10 


940 


2 


477 


-11.050 


2 


268 


-9.769 


2 


050 


-9.556 


10.0 


9.50 


10 


920 


2 


488 


-10.363 


2 


289 


-9.174 


2 


065 


-8.960 


10.0 


10.00 


10 


898 


2 


500 


-9.738 


2 


310 


-8.628 


2 


081 


-8.416 


10.0 


15.00 


10 


624 


2 


663 


-5.599 


2 


554 


-4.889 


2 


300 


-4.737 


10.0 


20.00 


10 


241 


2 


839 


-3.334 


2 


800 


-2.762 


2 


539 


-2.669 


10.0 


25.00 


9.751 


2 


990 


-1.850 


3 


008 


-1.360 


2 


740 


-1.300 


10.0 


30.00 
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Tab. II: Comparison of electron capture rates on 54,S6pg ^gj^^g ^j^jg model (QRPA), TQRPA ^ and LSSM ^ at 
selected temperature and density scales. 
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